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(57) ABSTRACT

The present invention grows nanostructures using a micro-
wave heating-based sublimation-sandwich SiC polytype
growth method comprising: creating a sandwich cell by plac-
ing a source wafer parallel to a substrate wafer, leaving a
small gap between the source wafer and the substrate wafer;
placing a microwave heating head around the sandwich cell to
selectively heat the source wafer to a source wafer tempera-
ture and the substrate wafer to a substrate wafer temperature;
creating a temperature gradient between the source wafer
temperature and the substrate wafer temperature; sublimating
Si- and C-containing species from the source wafer, produc-
ing Si- and C-containing vapor species; converting the Si- and
C-containing vapor species into liquid metallic alloy nano-
droplets by allowing the metalized substrate wafer to absorb
the Si- and C-containing vapor species; and growing nano-
structures on the substrate wafer once the alloy droplets reach
a saturation point for SiC. The substrate wafer may be coated
with a thin metallic film, metal nanoparticles, and/or a cata-
lyst.
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MICROWAVE HEATING FOR
SEMICONDUCTOR NANOSTRUCTURE
FABRICATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of provi-
sional patent application Ser. No. 61/051,902 to Sundaresan
etal., filed on May 9, 2008, entitled “Nanowire Growth Using
Microwave Heating-Assisted Physical Vapor Transport,”
which is hereby incorporated by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under grant W911NF-04-1-0428 awarded by the Army
Research Office; SBIR grant no. 0539321 awarded by
National Science Foundation (NSF); grant no. DMR
05-20471 awarded by NSF UMD MRSEC; and award nos.
ECS-0618948 and ECCS-0742139 both awarded by NSF.
The government has certain rights in the invention.

BACKGROUND OF THE INVENTION

[0003] Over the past decade, one dimensional (1D) semi-
conductor nanostructures, such as nanotubes and nanowires,
have attracted special attention due to their high aspect and
surface to volume ratios, small radius of their tips, absence of
three dimensional (3D) growth related defects, such as
threading dislocations, and fundamentally new electronic
properties resulting from quantum confinement. These nano-
structures can be used as building blocks for future nanoscale
electronic devices and nanoelectromechanical systems
(NEMS), designed using a bottom-up approach. A variety of
1D nanowires of Si, ZnO, SiC and other semiconductors have
been synthesized.

[0004] Taking SiC as an example, SiC offers opportunities
in fabricating nanoelectronic devices and NEMS for chemi-
cal/biochemical sensing, high-temperature, high-frequency
and aggressive environment applications. These opportuni-
ties are due to wide bandgap, high electric breakdown field,
mechanical robust, chemical inertness and biocompatibility.
[0005] However, before any of the above-mentioned appli-
cations could be realized, a reliable technique for the high
yield, cost effective fabrication of SiC nanostructures with
controlled morphology (size, shape, location, and orienta-
tion), structure (polytype and defects) and electronic proper-
ties (doping level and transport) needs to be developed. Cur-
rently, post-growth processing and manipulation of
nanostructures is an extremely difficult task.

[0006] Several known techniques have been applied to syn-
thesize SiC nanowires using physical evaporation, chemical
vapor deposition, laser ablation, direct chemical reaction, etc.
However, such existing growth methods for synthesis of SiC
nanostructures exhibit several problems and limitations.
First, all of the existing methods can grow only 3C—SiC
polytype nanowires, while methods for selective growth of
other polytype, such as hexagonal 4H and 6H—SiC nanow-
ires, have not yet been developed. It is known that the hex-
agonal SiC polytypes have many advantageous properties
over 3C—SiC, such as larger bandgap, lower intrinsic carrier
concentration, higher hole mobility and higher breakdown
voltage, etc. The lack of the ability to fabricate hexagonal SiC
polytype nanowires is a significant draw back for the use of
SiC nanowires in many important applications.

[0007] Second, the growth of SiC nanostructures using the
above-mentioned conventional methods is very slow (in the
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um range per hour), and the morphology of the SiC nano-
structures are uncontrollable. Different sizes and shapes of
nanostructures, such as nanowires, nanoribbons, nanosaws
and two dimensional (2D) or 3D features, are often present in
the same sample. Consequently, the 1D nanostructures with
desired morphologies and properties constitute just a fraction
of the total yield. The slow growth rate and low yield of
desired nanostructures become critical technical barriers for
the practical applications of the existing growth methods in
terms of large quantity and low-cost fabrication of SiC nano-
structures.

[0008] Consequently, what is needed is a simpler and more
effective technique to overcome the above mentioned techni-
cal barriers in order to open the doors for high-yield, cost-
effective growth of nanowires (e.g., SiC nanowires, etc.) with
selected polytype, morphology, and properties.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 shows a flow diagram of a microwave-based
sublimation-sandwich SiC nanostructure growth method as
per one aspect of the present invention.

[0010] FIG. 2 shows an example of a block diagram of a
solid-state microwave annealing system.

[0011] FIG. 3 shows another example of a block diagram of
a solid-state microwave annealing system.

[0012] FIG. 4 shows an example of a typical heating cycle,
where the sample is 4H—SiC, the applied microwave power
is 104 W, and the steady state temperature is ~1800° C. and
maintained for about 15 s.

[0013] FIG. 5 shows a schematic example of the “sublima-
tion-sandwich” cell used to grow SiC nanowires.

[0014] FIG. 6 shows an example of an FESEM image of
SiC nanowires grown at T,=1700° C. and AT=150° C. for 40
s.
[0015] FIG. 7 shows an example of statistical distribution
of the SiC nanowire diameters, where about 42% of the
nanowires have diameters=100 nm.

[0016] FIG. 8 shows an examples of (a) cone-shaped SiC
nanostructures grown at T ,=1600° C. and AT=150° C., and
(b) needle-shaped SiC nanostructures grown at T,=1700° C.
and AT=250° C.

[0017] FIG. 9 shows an example of a typical x-ray diffrac-
tion spectrum obtained from the SiC nanowires grown.
[0018] FIG. 10 shows examples of (a) FESEM image of a
SiC nanowire harvested on a heavily doped Si substrate, (b)
EBSD pattern from the nanowire indexed to the 3C—SiC
phase, and (c) EBSD pattern from the nanowire tip indexed to
Fe,Si.

[0019] FIG. 11 shows examples of diffraction contrast
TEM images of two types of 3C—SiC nanowires, with (a)
being twin-like defects are observed on different sets of
{111} planes, and (b) being high-incidence of planar defects
parallel to {111} planes along the wire axis.

[0020] FIG. 12 shows an example of p-Raman spectrum
from an isolated SiC nanowire.

DETAILED DESCRIPTION OF THE INVENTION

[0021] The present invention embodies novel microwave
heating techniques for developing high yield, controlled
growth of nanostructures with well defined morphology,
polytypes and properties. In one embodiment, the present
invention embodies the growth of'silicon carbide (SiC) nano-
structures.

[0022] Referring to FIG. 1, a microwave-based sublima-
tion-sandwich SiC polytype growth method is shown. Car-
ried out in a modified solid-state microwave (SSM) system
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(as described herein), the method comprises the following.
One, a sandwich cell is created by placing a source wafer
parallel to a substrate wafer, leaving a small gap between the
source wafer and the substrate wafer S105. Two, a microwave
heating head is placed around the sandwich cell to selectively
heat the source wafer to a source wafer temperature and the
substrate wafer to a substrate wafer temperature S110. Three,
atemperature gradient between the source wafer temperature
and the substrate wafer temperature is created S115. Four,
silicon (Si-) and carbon (C-) containing species sublimate
from the source wafer, producing Si- and C-containing vapor
species S120. Five, the Si- and C-containing vapor species are
converted into liquid metallic alloy droplets (which may be
nanodroplets) by allowing the substrate wafer to absorb the
Si- and C-containing vapor species S125. Six, nanostructures
are grown on the substrate wafer once the alloys reach a
saturation point for SiC S130.

[0023] Inanother embodiment, the present invention simi-
larly discloses a sublimation-sandwich SiC polytype growth
method. This method comprises (a) creating a sandwich cell
by placing a source wafer parallel to a substrate wafer, leaving
a small gap between the source wafer and the substrate wafer;
(b) placing a heating unit around the sandwich cell to selec-
tively heat the source wafer to a source wafer temperature and
the substrate wafer to a substrate wafer temperature; (c) cre-
ating a temperature gradient between the source wafer tem-
perature and the substrate wafer temperature; (d) sublimating
silicon (Si-) and carbon (C-) containing species from the
source wafer, producing Si- and C-containing vapor species;
(e) converting the Si- and C-containing vapor species into
liquid droplets of metal-ion alloys by allowing the substrate
wafer to absorb the Si- and C-containing vapor species; and
() growing nanostructures on the substrate wafer once the
alloys reach a saturation point for SiC.

[0024] For each of these methods, the following embodi-
ments apply to the present invention.

[0025] The SiC polytype can be hexagonal SiC (e.g.,
4H—SiC, 6H—SIC, etc.) or a cubic SiC (e.g., 3H—SiC), or
any other type. The source wafer may be an n-type or p-type
doped SiC.

[0026] The substrate wafer may be a semi-insulating SiC.
Alternatively, the substrate wafer may be an at least one order
less doped SiC, as compared to the source wafer. For instance,
if the source wafer is doped to 10*° dopant atoms/cm?, then
the substrate wafer is doped to less than or about equal to 108
dopant atoms/cm>. The small gap between the wafers can be
at least about 0.3 mm. It should be noted that polytype growth
means growing one or more different polytypes.

[0027] N-type (where “n” means negative) and p-type
(where “p” means positive) are terms generally associated
with doping of semiconductors. Doping is commonly known
as a process of intentionally introducing trace amounts of one
or more elements (namely, one or more impurities) to a pure
semiconductor to alter the electrical properties of the semi-
conductor. For n-type doping, there needs to be at least one
unbounded valence electron in the semiconductor. For p-type
doping, there needs to be at least one covalent bond being
deficient in electrons.

[0028] Take silicon as a semiconductor example. Silicon
has four valence electrons, which are used to form covalent
bonds to other atoms. To create n-type doping, an impurity
(an element) having five or more valence electrons (e.g., a
Group VA element, such as arsenic) may be added to the
silicon. When covalent bonds are formed with the impurity,
there will be at least one valence electron that does not form
a covalent bond. The extra electron(s) creates a negative
charge as it moves through the solid under an applied voltage.
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[0029] To create p-type doping, an impurity having three or
less valence electrons (e.g., a Group IIIA element, such as
boron (B)) may be added to the silicon. For each impurity
added, at least one of the covalent bonds from the silicon will
be deficient in electrons because it has less than four valence
electrons. When covalent bonds are formed with the impurity,
one or more electrons from a neighboring atom can move over
to fill this deficiency, leaving a positive “hole” behind. Such
hole can be filled by another electron from another atom.
However, the effect of that migration still results in another
hole. As such, under applied voltage, the missing electron(s)
create a positive charge.

[0030] The inner surface of the substrate wafer is coated
with a catalyst. Such coating creates a catalyst layer. The
catalyst may be a metal catalyst. Nonlimiting examples of
metal catalysts include iron (Fe), nickel (Ni), palladium (Pd),
platinum (Pt), etc. The catalyst layer may be a patterned layer.
For instance, the catalysts may be placed in a checkerboard
pattern, circular pattern, rectangular or other polygonal pat-
tern, linear pattern, etc. Catalysts may also be placed ran-
domly.

[0031] The sandwich cell and the microwave heating head
may be placed in a vacuum chamber. Alternatively, they may
be placed in a dopant gas atmosphere. A dopant gas includes
nitrogen, borine, phosphine, etc., or it can be any gas having
a dopant as a constituent element.

[0032] Itshould be noted that throughout the present inven-
tion, one or more microwave heating heads can be used. The
mere mentioning of the term “microwave heating head” in the
singular sense does not mean that the present invention is
limited to using only one microwave heating head.

[0033] Inaddition to the microwave heating head, which is
known in the art, the present invention can also use any other
known heating unit. For example, the heating unit may be a
laser annealing system (such as LA-TF or Laser Anneal 6300,
both by AMBP Tech of Piscataway, N.J.). In yet another
example, the heating unit may be a halogen or mercury lamp.

[0034] While these heating units are known, the present
invention’s doped GaN annealing techniques remain novel. It
is within the scope of the present invention that such anneal-
ing techniques include, but is not limited to, microwave heat-
ing annealing, laser annealing, halogen lamp annealing, mer-
cury lamp annealing, etc. Although the following
embodiments use microwave heating annealing as an
example, any of these exemplified techniques may be used to
achieve the requisite high heating rates and temperatures of
the present invention.

[0035] The method may further include controlling the
morphology of the nanostructures by varying the substrate
wafer temperature and the temperature gradient. Morphology
refers to shape, size, and/or location. Nanostructures refer to
a type of structure that is nano-sized. For instance, the mor-
phological shape (structure) of a nanostructure can be a
nanowire, nanocone, nanorod, nanoneedle, 2D nanostruc-
ture, 3D nanostructure, etc.

[0036] Additionally, the method may include controlling
the SiC polytype growth by varying the substrate wafer tem-
perature and polarity of the substrate wafer. The polarity may
be either Si-face or C-face. Moreover, the method may
include controlling the SiC polytype growth by varying vapor
phase composition. The vapor phase composition may
include an Si/C molar ratio in ambient and at least one impu-
rity.

[0037] In yet another embodiment, the present invention
further includes controlling the morphology of the nanostruc-
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tures by selecting a source wafer with at least one dopant.
Nonlimiting examples of the dopant include aluminum, nitro-
gen, etc.

[0038] The substrate wafer temperature should be greater
than or about equal to the melting point of the catalyst, and the
temperature gradient may be at least about 100° C. Further-
more, a heating rate should be at least about 100° C./s and a
cooling rate should be at least about 100° C./s. Having a high
heating rate and cooling rate is beneficial for the fast growth
and high yield of nanostructures (e.g., nanowires, nanocones,
nanorods, nanoneedles, etc.).

[0039] The saturation point refers to the maximum amount
of Si and C that the substrate wafer can absorb after the
catalyst melts. This absorption is dependent upon the tem-
perature of the liquid droplets of the metal-ion alloys. These
metal-ion alloys may be formed by combining ions from the
catalyst, the SiC polytype, and/or the substrate wafer.

1. INTRODUCTION

[0040] SiC belongs to a class of semiconductors known as
wide band-gap semiconductors. SiC is a wide band gap semi-
conductor that possesses high thermal conductivity, high
breakdown electric field, and chemical and mechanical sta-
bility. Because of these properties, SiC devices can perform
under high-temperature, high-power, and/or high-radiation
conditions in which conventional (e.g., narrow band gap)
semiconductors cannot adequately perform. The ability of
SiC to function under extreme conditions is expected to
enable significant improvements to a far ranging variety of
applications and systems. SiC power devices have improved
high-voltage switching characteristics compared with con-
ventional semiconductors, such as like Si and GaAs. Appli-
cations of high-power SiC devices range from public electric
power distribution and electric vehicles to more powerful
SSM sources for radar and communications to sensors and
controls for cleaner-burning, more fuel-efficient, jet aircraft
and automobile engines.

[0041] SiC offers opportunities in fabricating nanoelectric
devices and NEMS for chemical/biochemical sensing, as well
as high-temperature, high frequency, and/or aggressive envi-
ronment applications. These opportunities may be due to
wide bandgap, high electric breakdown field, mechanical
robustness, chemical inertness, and/or biocompatibility.
[0042] Asindicated in the following table, TABLE 1 shows
a comparison of material properties of several semiconduc-
tors, namely Si, GaAs, and SiC.

TABLE 1

Material Properties of Semiconductors Si, GaAs, and SiC

Attribute Si GaAs 4H—SiC
Energy Gap (eV) 1.11 1.43 3.2
Breakdown E-Field (V/cm) 6.0 x 10° 6.5 x 10° 3.5x 106
Saturation Velocity (cm/s) 1.0x 107 2.0x 107 2.0x 107
Electron Mobility (cm?/V-s) 1350 6000 800
Thermal Conductivity (W/emK) 1.5 0.46 3.5
Heterostructures SiGe/Si  AlGaAs/GaAs None
InGaP/GaAs

AlGaAs/

InGaAs
[0043] An example of a SSM RTP system 201 used in this

work is illustrated in FIG. 2 and FIG. 3. This SSM RTP
system has three main building blocks: (1) a variable fre-
quency microwave solid state power source 205, which con-
sists of a signal generator 210 and a power amplifier 215, (2)
a microwave heating system 220, which consists of a cou-
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pling and tuning circuit 225 and at least one microwave heat-
ing head 230, 315, for coupling microwave power to the
targeted source wafer having a T1 305 and (3) a measurement
and control system 235, which consists of a network analyzer
240, a computer 245, an optical pyrometer 250, and other
equipment. Below the targeted source wafer having a T1 305
and separated by a small gap is the substrate wafer having a
T2 310. The temperature difference between T1 and T2 forms
the temperature gradient AT. Microwave power generated by
the variable frequency power source 205 is amplified and then
coupled to a SiC sample 255, 310 through the microwave
heating head 230. The environmental gas and pressure of the
chamber can be controlled by vacuum pump 325 and external
vapor/gas source 320. The sample temperature can be moni-
tored through a viewport 330 by an infrared pyrometer or the
optical pyrometer 250. The SiC sample emissivities can be
measured using a blackbody source. The measured emissivity
value (e.g., 0.8) is then keyed into the pyrometer for all
temperature measurements.

[0044] The microwave system 315 above can be tuned to
efficiently heat semiconductor samples at variable frequen-
cies. For instance, operating at about 150 W, the frequency
may range from about 910 MHz to about 930 MHz. A typical
temperature/time cycle of this system for heating 5 mmx5
mm heavily (in-situ) doped 4H—SiC is shown in FIG. 4. In
this figure, the sample used was 4H—SiC. The applied micro-
wave power was 104 W. The steady state temperature of
~1800° C. was maintained for about 15 seconds.

[0045] Since samples should be placed in an enclosure
made of microwave transparent, high-temperature stable
ceramics (such as boron nitride and mullite), microwaves
only heat the strong microwave absorbing (electrically con-
ductive) semiconducting films, which present a very low ther-
mal mass in comparison with a conventional furnace where
the surroundings of the sample are also heated. Thus, heating
rates>600° C./s are possible.

[0046] Microwave heating has an advantage of selective
heating. When microwave power radiates on two different
materials, such as a highly doped SiC wafer (which tends to
be a strong microwave absorber), and a semi-insulating SiC
wafer (which tens to be a poor microwave absorber), micro-
waves may selectively heat up highly doped SiC of the strong
microwave absorber while leaving a negligible direct, heating
effect on the semi-insulating SiC.

II. GROWING SiC NANOWIRES BY A
MICROWAVE BASED
SUBLIMIATION—SANDWICH METHOD

[0047] A. Introduction

[0048] A new method for the growth of SiC nanowires by a
novel catalyst-assisted sublimation-sandwich (SS) method
was developed. It is a simple and effective approach to grow
SiC nanowires by combining the advantages of physical
vapor transport (PVT) process and catalytic vapor-liquid-
solid (VLS) growth mechanism. As one exemplary embodi-
ment, for heating, an ultra-fast microwave heating technique
developed by LT technologies is employed. Difterent mor-
phologies of 1-D SiC nanostructures may be grown by appro-
priately adjusting the process parameters. The as-grown
nanowires were characterized using FESEM, energy disper-
sive X-ray spectroscopy (EDAX), electron backscattered dif-
fraction (EBSD), transmission electron microscopy (TEM),
and micro-Raman spectroscopy.

[0049] Novel features of this SS method include, but are not
limited to, fast growth rate (1-2 um/s), which is at least 1-3
orders of magnitude higher than any existing method for
growing SiC nanowires; potential control of morphology of
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SiC nanowires including shape, size, location and orienta-
tion; potential control of polytypes and doping concentration
of SiC nanowires; and high process yield and low cost.

[0050] B. Sublimation-Sandwich Method

[0051] 1. Nanowire Growth Conditions

[0052] The following description pertains to exemplified
embodiments of fabricating SiC nanowires using the SS
method. In no way does the present invention limits these
teachings to SiC nanowires.
[0053] The key conditions for high-yield and cost effective
fabrication of nanowires (such SiC) are fast growth rate, and
controlled shape and size. While these conditions are neces-
sary for SiC, these conditions may also apply to other types of
nanowires.
[0054] TABLE 2 lists, step by step, all the conditions
required to achieve a fast process rate for each step in the
sublimation sandwich growth process. It can be seen that two
conditions are critical, namely: (1) a high substrate wafer
temperature T2, and (2) a high temperature gradient AT, with
which a fast process rate can be achieved for each step in the
sublimation sandwich process and consequently for the over-
all growth rate. The results from prootf-of-concept experi-
ments confirmed that a very high growth rate of 1-2 um/s can
be achieved at T2>1750° C. and AT>100° C. This growth rate
is about at least 10-100 times faster than those of the current
conventional growth methods.

TABLE 2
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[0057] Nevertheless, both results are similar because the
growth rate is directly proportional to the temperature gradi-
ent. It can be seen that nanocones grow at low T2 and AT,
nanorods at medium T2 and AT, nanoneedles at high T2 and
AT, and 2D and 3D nanostructures at very high T2 and AT.
[0058] In addition to T2 and AT, fast heating and cooling
rate are also necessary because nanowires of undesired
shapes may form during ramping up and cooling stages due to
the transient temperature variation if the heating and cooling
is slow. However, the present invention’s microwave heating
system has the capability of fast heating and cooling to keep
the ramping time short for eliminating the formation of
undesired shapes.

[0059] Growing different SiC polytypes require certain
favorable conditions, as shown in TABLE 4.

TABLE 4

Conditions Favorable for Growth
of Different SiC Nanowire Polytypes

Conditions Required for Achieving Fast Process Rate for Each Step in the SS Process

Steps in SS process

Conditions for fast process rate at each step

1 Sublimation of SiC from the

surface of the source wafer High T1 for high vapor pressure

Vapor phase stoichiometry by congruent source evaporation

High AT (AT =T2 - T1) for fast vapor transport

2 Absorption of vapors by
metal (e.g. Fe) catalyst
species by metal-catalyst
3 Growth of SiC nanowires
from Fe(Si,C) liquid droplet
from this alloy

High T2 for supers aturation of metal-Si—C liquid alloy phase
resulted from fast absorption of Si- and C-bearing vapor

High T2 for fast diffusion of Si and C species in Fe(Si,C)
liquid alloy followed by precipitation of SiC nanostructures

[0055] Inaddition to high growthrate, controlling the shape
and size is another key for high yield fabrication of nanowires
with desired features. Different shapes of SiC nanowires that
can be grown include nanocones, nanorods, and nanoneedles.
It was observed from the experiments that the two factors that
control the shape of SiC nanowires are the substrate wafer
temperature T2 and the temperature gradient AT, as shown in
TABLE 3.

TABLE 3

Factors to Control the Shape and
Morphology of SiC Nanostructures

Control of the shape

in growth of SiC Substrate Temperature
nanostructure wafer T2 gradient AT

Selectivity =~ Nanocones Low Low

of Shape Nanorods Medium Medium
Nanoneedles High High
2D and 3D Very high Very high
nanostructures

[0056] Similar results have been reported on CVD growth

of'SiC nanostructures, where the growth rate is used as one of
the controlling factors instead of the temperature gradient AT.

4H—SiC  6H—SIC 3C—SiC
Substrate Temperature T2 High Higher Relative low
Temperature gradient AT Low Low High
Polarity of substrate SiC wafer ~ C-face Si-Face Si-face

TABLE 4-continued
Conditions Favorable for Growth
of Different SiC Nanowire Polytypes

4H—SiC  6H—SIC 3C—SiC
Si/C molar ratio in ambient C-rich Si-rich Excess Si-rich
Presence of certain impurities/ N, Ge, Sn
doping
Polytypes of SiC substrate wafer Independent

[0060] Overall, with respect to substrate temperature, the
4H—SiC and 6H—SiC polytypes are thermodynamically
more stable than the metastable 3C—SiC polytype. The for-
mation of hexagonal 4H- and 6H—SiC requires higher sub-
strate temperature than that of 3C—SiC. The 3C—SiC is
thermally unstable and may transform to more stable poly-
types of 4H- and 6H—SiC at high temperature. However, the
metastale 3C—SiC is the stable structure in nucleation stage
and is always the first polytype that nucleates and occurs
during growth at low temperatures below 1600° C. in accor-
dance with the Ostwald step rule. Under non-equilibrium
growth condition, where rearrangement of equilibrium
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growth is not possible, 3C—SiC is expected to be the final
polytype even for growth at a high temperature (e.g. >2000°
C).

[0061] As for temperature gradient, high temperature gra-
dient will lead to fast, non-equilibrium growth, which is in
favor of 3C—SiC growth. On the contrary, low temperature
gradient is in favor of 4H- and 6H—SiC growth.

[0062] Polarity of the substrate wafer is another factor to
consider. The C face of the SiC substrate wafer is in favor of
4H—SiC growth, whereas the Si-face of the SiC substrate
wafer is in favor of 3C—SiC and 6H—SiC growth.

[0063] For Si/C molar ratio in ambient (vapor phase sto-
ichiometry), C-rich condition is in favor of 4H—SiC growth.
Si-rich condition is in favor of 6H—SiC growth. Excess Si-
rich condition is in favor of 3C—SiC growth.

[0064] With respect to impurities and doping, it is known
that nitrogen doping may enhance the formation and stability
of 4H—SiC polytype. The presence of certain impurities in
the vapor phase (e.g., Ge, Sn, Pb, etc.) may be in favor of
4H—SiC growth.

[0065] In summary, the important operational parameters
and functions required for the SSM prototype unit include:
(1) high AT (>100° C.) and high T2 (>1750° C.) for fast
growth rate, where high T2 is also in favor of 4H- and
6H—SiC polytypes; (2) controllable T1, T2 and AT for selec-
tive growth of different shapes and polytypes; (3) controllable
vapor composition of the surrounding environment for selec-
tive growth of a specific SiC polytype, and for doping with
desirable impurities; and (4) fast heating and cooling.
[0066] To achieve these parameters and functions, and to
perform the SS method, the SSM heating system that was
primarily designed for post-implantation annealing of ion-
implanted SiC needs to be modified.

[0067] Modifications include, but are not limited to, intro-
ducing two optical temperature sensors to measure tempera-
tures of both the source wafer and the substrate wafer; rede-
signing the wafer holder; designing a moving stage and other
fixtures to facilitate the control of the gap (d) between the
source and substrate wafers; and stabilizing AT. In addition, a
new environmental chamber will also be designed with a
more compact size and better control of mass flow and pres-
sure of the external vapor sources, which may play an impor-
tant role in manipulating the composition, doping level and
SiC polytype of the nanowires. To evaluate the modified unit
and to determine the fundamental operational parameters,
operational tests can be carried out. Furthermore, controlling
features, such as a microcontroller (e.g., FPGM), may be
added.

[0068] FIG. 5 shows a schematic of a typical “sandwich”
cell employed in the present invention for SiC nanowire
growth. The “sandwich cell” comprises two parallel
4H—SiC wafers with a very small gap, “d”, between them.
The bottom wafer is semi-insulating SiC, which will be
referred to as the “substrate wafer” hereafter. The inner sur-
face of the substrate wafer is coated with a 5 nm layer of Fe,
Ni, Pd, or Pt that acts as a catalyst for the VLS growth of SiC
nanowires. The top wafer is a heavily n-type (nitrogen doped)
in-situ doped SiC, which will be referred to as the “source
wafer”. As further illustrated, the microwave heating head is
placed around the sandwich cell. Due to the difference in
electrical conductivity of the source wafer and the substrate
wafer, at a given microwave power, the source wafer tempera-
ture is higher than the substrate wafer temperature, resulting
in a temperature gradient, AT between the two wafers. When
the Si- and C-containing species, such as Si, SiC,, and Si,C,
sublimate from the source wafer at temperatures>1500° C.,
the temperature gradient AT provides the driving force for
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transporting these species to the substrate wafer. On the sub-
strate wafer surface, the metal film is either already molten at
the growth temperature, or it melts after absorbing the Si
species and forms spherical islands to minimize its surface
free energy. The Si- and C-containing vapor species are
absorbed by these metal islands, converting them into liquid
droplets of metal-Si—C alloys. Once this alloy reaches a
saturation point for SiC, a precipitation of SiC occurs at the
liquid-substrate interface thereby leading to a VLS growth of
the SiC nanowires. The nanowires always terminate in hemi-
spherical metal-Si alloy end-caps. While Group VIII metals
facilitated growth of SiC nanowires, Au was unsuccesstul as
a catalyst in this VLS process. No traces of Au on the sample
surface were found during a post-growth SEM/EDAX
inspection, due to its possible evaporation at the growth tem-
perature. The only results presented are those obtained using
Fe as a metal catalyst since SiC growth using other Group
VIII metals produced similar results.

[0069]

[0070] The present invention’s SS method can reliably
grow SiC nanostructures with predictable morphologies and
very high growth rates. As a result, there exists a vast body of
information available for controlling the polytype, doping,
orientation, etc. of the SiC growth. The sandwich cell used in
this work is a nearly closed system because of the small gap
between the source and substrates wafers, which allows pre-
cise control of the composition of the vapor phase in the
growth cell. At the same time the system is open to the species
exchange between the sandwich growth cell and the sur-
rounding environment in the chamber. By appropriately
adjusting the composition of the precursor species in the
vapor, this approach has the potential to control the doping
levels, or create heterostructures in the growing nanostruc-
tures. Another important feature of the sandwich growth cell
is its compact size, which significantly reduces the volume of
the surrounding chamber. The use of a small chamber not only
saves the cost by utilization of small amount of expensive
source materials, but also significantly reduces the vacuum
pumping cycle time, which is needed for a high throughput
fabrication. Yet another novel feature is the dynamic range of
temperature ramping rates (£600° C./s) that are possible
using the microwave heating system. This is another process
parameter which can be tweaked to circumvent some thermo-
dynamic restrictions.

[0071] 3. Experimental Parameters for SiC Nanostruc-

ture Growth

[0072] The substrate wafer temperature window for grow-
ing SiC nanostructures is 1250° C. to 1750° C. In this embod-
ied experimental growth process, the precursor Si and C
containing species sublimate from the source wafer. Signifi-
cant sublimation of Si and C species from a SiC wafer
requires temperatures>1400° C. (at 1 atm pressure). There-
fore, the growth temperatures used are higher than those
typically employed for SiC nanowire growth (1000°
C.-1200° C.), since the previous works did not employ sub-
limated Si and C containing species from a SiC wafer as the
source material.

[0073] The growth is performed for time durations of 15 s
to 40 s. The AT between the source wafer and the substrate
wafer is varied from 150° C. to 250° C. by varying the spacing
(d) from 300 um to 600 pm. All the growth experiments are
performed in an atmosphere of UHP-grade nitrogen. Growth
was also attempted in other inert gases, such as Ar, He, and
Xe. But they were found to ionize due to the intense micro-
wave field in the growth chamber.

2. Unique Features
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[0074] 4. Experimental Apparatus for Characterizing
SiC Nanostructures

[0075] A Hitachi S-4700 FESEM was used for studying the
surface morphology of the SiC nanowires. An EDAX attach-
mentto the S-4700 microscope was used to determine chemi-
cal composition, and a HKL Nordlys 1I EBSD detector
attached to the S-4700 microscope was used to collect the
EBSD patterns. X-ray diffraction was performed using a
Bruker D8 x-ray diffractometer equipped with an area detec-
tor. Samples for TEM were prepared by dispersing nanowires
on lacey carbon-coated copper grids. The samples were
examined in a Philips CM-30 TEM operated at 200 kV.
Samples for p-Raman spectroscopy were prepared by dis-
persing the SiC nanowires on an a-plane sapphire substrate.
Raman spectra were obtained with 514.5 nm excitation (ar-
gon ion laser) in a back-scattering configuration using a cus-
tom-built Raman microprobe system. Incident laser radiation
was delivered to the microprobe using a single mode optical
fiber, resulting in a depolarized radiation exiting the fiber (no
subsequent attempt was made to polarize the radiation).
Radiation was introduced into the microscope optical path
using an angled dielectric edge filter in the so-called injec-
tion-rejection configuration. Collected scattered radiation
was delivered to a 0.5 m focal length imaging single spec-
trograph using a multimode optical fiber. A 100x infinity-
corrected microscope objective was used for focusing inci-
dent radiation and collecting scattered radiation. Power levels
at the sample were less than 1.6 mW. Light was detected with
a back-illuminated, charge coupled device camera system
operating at —=90° C. The instrumental bandpass (FWHM)
was approximately 3.1 cm™.

[0076] 5. Morphology and Chemical Composition of
SiC Nanowires

[0077] Growth of SiC nanowires was observed over a very
narrow range of both substrate temperature ‘T (1650°
C.-1750° C.) and AT (=150° C.). FIG. 6 shows a plan-view
FESEM image of the nanowires grown at 1700° C. for 40 s.
The growth and structural characterization of these nanow-
ires, which are 10 um to 30 pum long, is the main focus of'this
exemplified embodiment. Typical 3C—SiC nanowire lengths
reported in the literature range from as shortas 1 umto as long
as several mm. The diameters of the nanowires grown here are
in the range of 15 nm to 300 nm. EDAX analysis of the
nanowires (not shown) indicates that they mainly consist of Si
and C with traces of nitrogen. The likely source of this nitro-
gen is the ambient atmosphere. However, the source wafer is
also doped with nitrogen (ND=1x1019 ¢cm™>). The exact
mechanism of the accommodation of nitrogen in SiC nanow-
ires requires further investigation. EDAX spectra (not shown)
from the droplets at the nanowire tips consist of the corre-
sponding metal and Si.

[0078] The statistical distribution of the nanowire diam-
eters was determined using FESEM images of nanowire
samples dispersed on a low-resistivity Si wafer. The diam-
eters of 50 nanowires were measured at different locations on
the wafer. As illustrated in FIG. 7, the diameter distribution
for the SiC nanowires grown at 1700° C. for 40 s reveals that
42% of the nanowires exhibited diameters in the range of 15
nm to 100 nm, while 14% of nanowires had diameters in
excess of 300 nm.

[0079] In addition to SiC nanowires, growth of cone-
shaped and needle-shaped SiC nanostructures was also
observed under different growth conditions. For AT=150° C.,
the substrate wafer temperatures in the range of 1250° C. to
1650° C. for 15 s to 1 min durations yielded mainly cone-
shaped quasi 1-D SiC nanostructures, as shown in part (a) of
FIG. 8. Such nanostructures are 2 um-5 um long. Yet, sub-
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strate wafer temperatures>1750° C. for the same durations
resulted in micron-sized SiC deposits (not shown). In part (a)
of FIG. 8, the “nanocones” taper off along their axis from
thick catalytic metal tips. This suggests that the diameter of
the droplets increased during the growth of the cones. The
diameters of their thin ends are about 10 nm to 30 nm, while
the broad portion at the top just under the catalytic metal tips,
range from 100 nm to 200 nm. The fact that the diameter of the
cones increases with growth duration must mean that there is
an Oswald ripening effect (i.e., the metal is transferred from
the smaller diameter droplets to the larger diameter ones,
possibly via surface diffusion). The short length of the cones
results from a relatively low SiC growth rate for the experi-
mental conditions under which the cones are grown. Thus, the
surface diffusion length for the liquid metal to flow from the
smaller diameter droplets to the larger diameter droplets is
short.

[0080] As shown in part (b) of FIG. 8, increasing the AT to
250° C. (by increasing ‘d” from 300 um to 600 pm) ata T, of
1700° C. resulted in mainly needle-shaped SiC nanostruc-
tures, which are 50 um-100 um in length. These needles are
narrow under the catalytic metal tips. It is obvious that the
diameter of the metal droplets catalyzing the needle growth
decreases with growth duration. Because the source wafer
temperature for needle growth (1900° C.-2000° C.) is the
highest among the temperatures explored in this exemplified
embodiment, it is possible that the metal droplets evaporate
during crystal growth due to high temperatures in the vicinity
of'the droplets. The much longer needles (in comparison with
the cones) also result in a greater surface diffusion length for
the liquid metal to flow between droplets, which might have
inhibited significant surface diffusion of the metal.

[0081]

[0082] FIG. 9 shows a typical 6-20 powder x-ray diffrac-
tion spectrum obtained from the SiC nanowires. The only
phase unambiguously identified from the XRD spectrum is
3C—sSiC.

[0083] FIG. 10 shows three parts. Part (a) shows an FESEM
image of a SiC nanowire harvested on a heavily doped Si
substrate. Parts (b) and (c) respectively show EBSD patterns
from the SiC nanowire and catalytic cap. The EBSD pattern
from the nanowire was successfully indexed to 3C SiC and
not one of the hexagonal variants (2H, 4H, etc.) or rhombo-
hedral variants (e.g. 15R). This distinction relies on the pres-
ence and/or absence of relatively weak lines in the EBSD
spectra, but the result was unequivocal. The growth direction

6. Crystallography of SiC Nanowires

of the nanowire was identified as {112}, which is in contrast to

the (111) growth direction commonly observed for 3C SiC
nanowires. The EBSD pattern from the catalytic tip of the SiC
nanowire, which clearly shows the six-fold symmetry about
the c-axis, was indexed according to the hexagonal Fe,Si

phase. One of the reasons as to why the {112) growth direction
is preferred for the SiC nanowires grown in this work over the

commonly reported {111) direction could be the very high
temperatures (1650° C.-1750° C.) used in this work for
nanowire growth. The nanowire growth generally occurs
along the direction, whose corresponding face has the highest
surface energy, so that that particular face is not exposed. The
{111} being a three cluster face must have a higher surface
energy for SiC at lower temperatures, thereby driving the

nanowire growth along the {111)direction. At higher tempera-
tures, the nucleation rate along directions normal to lower
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atomic density planes suchas {110} and {112} isknown to be
faster than {111}. It has been observed that 3C—SiC nanow-

ire growth direction switched from {111) to {110}, when the
growth temperature was increased beyond 1500° C.

[0084] The occurrence of different polytypes dependent on
the temperature has been studied in sublimation experiments
under near-equilibrium conditions. Factors aftecting the crys-
tal polytype are the temperature and the pressure in the
growth chamber, the polarity of the seed crystal, the presence
of certain impurities and the Si/C ratio. Under more Si-rich
(or C-rich) conditions the formation of the cubic (or hexago-
nal) polytype should be preferred. Nucleation far from equi-
librium conditions and a nitrogen atmosphere has been gen-
erally assumed to stabilize the cubic polytype. This effect is
supported by nucleation theory. Furthermore, 3C SiC has the
lowest surface energy among all polytypes. Since, in the
experiments, Si- rich precursor species are present (Si, Si,C),
and nucleation occurs far from equilibrium conditions in a
nitrogen atmosphere, the growth of 3C—SiC is to be expected
from the above considerations. Furthermore, because nanow-
ires have a large surface to volume ratio, the low surface
energy of the 3C—SiC polytype makes it much more favor-
able to grow 3C—SiC over other polytypes.

[0085] As mentioned before, SiC nanowire growth was
successfully performed by using other Group VIII metal cata-
lysts (such as Ni, Pd, and Pt) in addition to Fe. In each case,
the EBSD patterns from the nanowires were indexed to
3C—SiC and the growth direction of the nanowire was iden-

tified as parallel to the {112) crystallographic directions,

which indicates the unique {112) growth direction observed
for SiC nanowire growth in this work does not depend on the
metal catalyst used for the growth. EBSD patterns from the
end-caps ofthe SiC nanowires grown using (a) Ni catalyst, (b)
Pd catalyst, and (c) Pt catalyst, may be taken. These catalysts
were respectively indexed to Ni;Si, Pd,Si, and PtSi phases.
[0086] It should be noted that a much higher density of
nanowires in comparison with other 2-D deposits are
observed for the growth performed using Fe, Ni, and Pd. It
was still possible to grow SiC nanowires using Pt as well. But
the yield of the nanowires in comparison with other 2-D
deposits was much lower. This lower yield can be possibly
attributed to the higher melting point of the Pt—Si alloys
compared to other metals used in these embodiments. How-
ever, no major difference in the structural characteristics of
the nanowires grown using the different metal catalysts were
observed.

[0087] A representative <101> selected area electron dif-
fraction pattern may be recorded from a single SiC nanowire,
where the reflections are indexed according to the F-centered
cubic 3C—SiC unit cell. The recording were all consistent
with a cubic 3C—SiC structure. The growth direction is par-

allel to (112), as was inferred from the nanowire projections in
several zone axis orientations, which is consistent with EBSD
results.

[0088] FIG. 11 shows at-least two different types of SiC
nanowires were observed under TEM. Also shown are dif-
fraction contrast TEM images representative of these two
types of nanowires. The nanowire shown in part (a) exhibits
twinning on four non-equivalent {111} planes, with the

growth direction switching among the {112) directions in
these planes (=70° apart), which creates an impression of
nanowire bending. The twinning was confirmed through the
selected area electron diffraction patterns (not shown). The
nanowire shown in part (b) is relatively straight but features a
high-incidence of planar {111} defects (presumably, stacking
faults and/or twins) parallel to the growth axis. These defects
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produced streaks of diffuse intensity along the <111> direc-
tion in electron diffraction patterns. It should be noted that
even though an image of a thin (50 nm diameter) straight
nanowire and a thick (500 nm diameter) bent nanowire are
illustrated, the nanowire diameter has no bearing on whether
a nanowire is straight or bent. Thick, straight nanowires and
thin bent nanowires have also been observed.
[0089] 7. Raman Study of SiC Nanowires

[0090] FIG. 12 shows a typical micro-Raman spectrum
obtained from an isolated SiC nanowire. The most intense
feature is observed at ~800 cm™" and is attributed to zone
center transverse optical (TO) phonon modes in 3C—SiC.
This feature is composed of at least two peaks with center
wavenumbers of ~794 cm™ and ~810 cm™ (obtained by
performing a peak deconvolution assuming only two peaks)
and exhibits a shoulder at ~756 cm™. In comparison, bulk
3C—SiC Raman spectra exhibit only one TO mode at =796
cm™. The TO phonon mode at 794 cm™ in the nanowire
spectrum is comparable with bulk 3C—SiC. However, the
appearance of a second TO phonon mode at 810 cm™" in the
nanowire spectrum indicates that there are regions in the
nanowire under compressive strain. A relatively large
increase in the SiC TO phonon wavenumber (=5 cm™! to ~6
cm™) has been reported in 3C—Sic grown on TiC and attrib-
uted to compressive strain in the SiC layer. A likely cause of
the strain is the presence of planar defects in the nanowires, as
identified by TEM. It is possible that either the low-strain
region grows with a lower defect concentration than the high-
strain region or that the defect concentration is high enough to
lead to strain relaxation in the low-strain region.

[0091] Broader, weaker features observed at ~480 cm™ to
~640 cm™" and ~820 cm™! to ~080 cm™! are attributed to
scattering by phonon modes originating from other than the
Brillouin zone center. In pure, perfect crystals, only zone
center optical phonon modes should be allowed for the scat-
tering conditions employed in these embodiments. However,
this restriction can be relaxed due to the presence of defects
which destroy translational symmetry. The resulting Raman
spectrum exhibits features of the phonon density of states
rather than only zone center phonon modes. Hence, the ~480
cm™! to =640 cm™, ~820 cm™* to ~980 cm ™!, and =756 cm™*
features are attributed to defect-induced acoustic (transverse
and longitudinal) phonon mode scattering, LO phonon mode
scattering, and TO phonon mode scattering, respectively,
from throughout the Brillouin zone. Surface optical phonon
modes may also contribute to the signal observed in =900
cm™’ to ~980 cm™ range. No longitudinal optical (LO)
phonon modes are observed. This lacking is consistent with
previously reported SiC nanowire spectra obtained in this
geometry.

[0092] C. Summary

[0093] In summary, a novel technique for the controlled
rapid growth of 1-D nanostructures of 3C—SiC using various
Group VIII transition metal catalysts has been developed. The
experimental parameters that dictate the growth of faceted
nanowires (with straight sidewalls), nanoneedles and nano-
cones (with tapering sidewalls) have been identified. The
nanowires are found to grow by the VLS mechanism at sub-
strate temperatures in the range of 1650° C.-1750° C., for

growth durations of 15 s-40s, along the {112)crystallographic
directions. TEM studies have indicated the presence of two
types of nanowires, one type maintains a constant growth
direction, and another type frequently changes its growth
direction by twinning. Also, several stacking faults running
along the length of the nanowires have been identified. Micro-
Raman spectra of the SiC nanowires, in addition to confirm-
ing the 3C-polytype, also indicate the presence of regions
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exhibiting different compressive strain in the nanowire as
well as non Brillouin zone-center modes.
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IV. STATEMENTS

[0135] While various embodiments have been described
above, it should be understood that they have been presented
by way of example, and not limitation. It will be apparent to
persons skilled in the relevant art(s) that various changes in
form and detail can be made therein without departing from
the spirit and scope. In fact, after reading the above descrip-
tion, it will be apparent to one skilled in the relevant art(s) how
to implement alternative embodiments. Thus, the present
embodiments should not be limited by any of the above
described exemplary embodiments.

[0136] Inaddition, it should be understood that any figures
which highlight the functionality and advantages, are pre-
sented for example purposes only. The disclosed architecture
is sufficiently flexible and configurable, such that it may be
utilized in ways other than that shown. For example, the steps
listed in any flowchart may be re-ordered or only optionally
used in some embodiments.

[0137] Further, the purpose of the Abstract of the Disclo-
sure is to enable the U.S. Patent and Trademark Office and the
public generally, and especially the scientists, engineers and
practitioners in the art who are not familiar with patent or
legal terms or phraseology, to determine quickly from a cur-
sory inspection the nature and essence of the technical dis-
closure of the application. The Abstract of the Disclosure is
not intended to be limiting as to the scope in any way.
[0138] Finally, it is the applicant’s intent that only claims
that include the express language “means for” or “step for” be
interpreted under 35 U.S.C. 112, paragraph 6. Claims that do
not expressly include the phrase “means for” or “step for” are
not to be interpreted under 35 U.S.C. 112, paragraph 6.

What is claimed is:

1. A microwave-based sublimation-sandwich silicon car-

bide (SiC) polytype growth method comprising:

a. creating a sandwich cell by placing a source wafer par-
allel to a substrate wafer, leaving a small gap between the
source wafer and the substrate wafer;

b. placing a microwave heating head around the sandwich
cell to selectively heat the source wafer to a source wafer
temperature and the substrate wafer to a substrate wafer
temperature;

c. creating a temperature gradient between the source
wafer temperature and the substrate wafer temperature;

d. sublimating silicon (Si-) and carbon (C-) containing
species from the source wafer, producing Si- and C-con-
taining vapor species;

e. converting the Si- and C-containing vapor species into
liquid droplets of metal-ion alloys by allowing the sub-
strate wafer to absorb the Si- and C-containing vapor
species; and

f. growing nanostructures on the substrate wafer once the
alloys reach a saturation point for SiC.
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2. The method according to claim 1, wherein the SiC poly-
type is a hexagonal SiC or cubic SiC.

3. The method according to claim 1, wherein the source
wafer is an n-type or p-type doped SiC.

4. The method according to claim 1, wherein the substrate
wafer is a semi-insulating SiC or at least one order less doped
SiC compared to the source wafer.

5. The method according to claim 1, wherein the small gap
is at least about 0.3 mm.

6. The method according to claim 1, wherein the inner
surface of the substrate wafer is coated with a catalyst, creat-
ing a catalyst layer.

7. The method according to claim 6, wherein the catalyst
layer is a patterned layer.

8. The method according to claim 1, wherein the sandwich
cell and the microwave heating head are in a vacuum chamber
or in a dopant gas atmosphere.

9. The method according to claim 1, wherein the substrate
wafer temperature is greater than or about equal to the melting
point of the catalyst, and the temperature gradient is at least
about 100° C.

10. The method according to claim 1, wherein a heating
rate is at least about 100° C./s and a cooling rate is at least
about 100° C./s.

11. The method according to claim 1, further including
controlling the morphology of the nanostructures by varying
the substrate wafer temperature and the temperature gradient.

12. The method according to claim 1, further including
controlling the SiC polytype growth by varying the substrate
wafer temperature and polarity of the substrate wafer.

13. The method according to claim 12, wherein the polarity
is Si-face or C-face.

14. The method according to claim 1, further including
controlling the SiC polytype growth by varying vapor phase
composition.
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15. The method according to claim 14, wherein the vapor
phase composition includes an Si/C molar ratio in ambient
and impurities.

16. The method according to claim 1, further including
controlling the morphology of the nanostructures by selecting
a source wafer with at least one dopant.

17. The method according to claim 16, wherein the dopant
is aluminum, nitrogen, or a combination thereof.

18. A sublimation-sandwich silicon carbide (SiC) polytype
growth method comprising:

a. creating a sandwich cell by placing a source wafer par-
allel to a substrate wafer, leaving a small gap between the
source wafer and the substrate wafer;

b. placing a heating unit around the sandwich cell to selec-
tively heat the source wafer to a source wafer tempera-
ture and the substrate wafer to a substrate wafer tem-
perature;

c. creating a temperature gradient between the source
wafer temperature and the substrate wafer temperature;

d. sublimating silicon (Si-) and carbon (C-) containing
species from the source wafer, producing Si- and C-con-
taining vapor species;

e. converting the Si- and C-containing vapor species into
liquid droplets of metal-ion alloys by allowing the sub-
strate wafer to absorb the Si- and C-containing vapor
species; and

f. growing nanostructures on the substrate wafer once the
alloys reach a saturation point for SiC.

19. The method according to claim 18, wherein the SiC

polytype is a hexagonal SiC or cubic SiC.

20. The method according to claim 18, wherein the inner
surface of the substrate wafer is coated with a catalyst, creat-
ing a catalyst layer.



